The effects of dietary consumption of high-fructose corn syrup (HFCS) and dextrose during a 28-d lactation on sow and litter performance and sow plasma constituents were examined in 45 multiparous and 36 primiparous crossbred sows. Isocaloric and isonitrogenous corn-soybean meal diets were formulated to contain either 20% fructose or 20% glucose. Diets were fed on a metabolic BW basis from d 0 to d 28 of lactation. Litter and pig weights on d 28 were not affected (P > .OS) by treatment. Litter size was greater (P < .lo) at weaning for primiparous sows fed HFCS, but multiparous sows weaned heavier (P < .05) pigs. Sow weight change during lactation was not influenced by diet, but primiparous sows lost more (P < .05) weight during lactation and had longer intervals to estrus than multiparous sows did. Milk yields on d 17 and 21 of lactation were not different (P > .OS) for sows fed HFCS vs dextrose, but sows fed HFCS tended to have greater (P = .05) percentage of milk fat. Preprandial concentrations of fructose in plasma were low in sows fed HFCS and nondetectable in those fed dextrose but were elevated ( P < .OS) after consumption of HFCS. Conversely, similar (P > .OS) concentrations of glucose in plasma preprandially were followed by greater (P < .05) postprandial glucose concentrations in sows fed dextrose. Although postprandial concentrations of insulin were not affected (P > .OS) by diet, sows fed dextrose had greater (P < .OS) preprandial insulin concentrations in plasma. Concentrations of nonesterified fatty acids and growth hormone in plasma and response to a glucose challenge were not affected (P > .05) by feeding HFCS. However, concentrations of insulin in plasma following glucose infusion were less (P < .05) during the glucose challenge period on d 25 than on d 13 of lactation. 
Introduction
Fructose has been proposed to have effects on insulin secretion, carbohydrate metabolism and lipid metabolism (Reiser, 1987) . Effects of partial replacement of dietary energy with high-fructose corn syrup (HFCS) or crystalline fructose during gestation and(or) lactation on performance of sows and their litters have been investigated, but results have been inconclusive. White et al. (1984a,b) reported that sows fed HFCS had increased litter weight, milk yield and sow weight loss during lactation; they sugge .teJ that dietary fructose had a glucose-sparing effect in lactating sows. However, Kveragas el al. (1984) , Kveragas and Seerley (1985) and Coffey et al. (1987) did not confirm these performance results. Similarly, effects of dietary fructose on concentrations of glucose and insulin in plasma preprandially (Kveragas and Seerley, 1985; Coffey et al., 1987) and on responses to a glucose challenge (Drewery et al., 1984; Coffey et al., 1987) were not detected.
The present study further evaluated effects of feeding HFCS during a 2 8 d lactation. Specific objectives were to assess effects of dietary HFCS on 1) litter size and weight of pigs and litters; 2) milk production and composition; 3) sow weight change during lactation; 4) interval from weaning to first estrus; 5) concentrations of glucose, fructose, insulin, nonesterified fatty acids (NEFA) and growth hormone (GH) in plasma of sows, preand postprandially, and 6) sow response to a glucose challenge.
Materials and Methods

Animals, Dietary Treatments and Collection of Pelformance Data.
Forty-five crossbred sows and 36 gilts were divided among four farrowing groups. Farrowing of Group 1 was initiated in October, 1986, Group 2 in December, 1986 , Group 3 in March, 1987 and Group 4 in May, 1987 . Sows were fed 1.82 kg/d of a corn-soybean meal diet during gestation that met or exceeded NRC (1979) recommendations. On d 110 of gestation, sows were weighed and moved into farrowing crates. Sows were assigned randomly, based on parity, to one of two diets that were fed from d 0 to d 28 of lactation at approximately 0630 daily. Diets (Table 1) consisted of a cornsoybean meal base supplemented with 28% HFCS or 22% dextrose. Diets were isocaloric and isonitrogenous and were formulated to contain 20% fructose or 20% glucose. Diets were fed on a metabolic BW basis (BW3/4 divided by 9), which was calculated weekly. Sows and pigs were weighed within 24 h after parturition. Creep feed was not provided and pig access to sow feed was minimal. On d 7, 14, 21 and 28 of lactation, litter size, sow weight and litter weight were determined. Milk yield per 24-h period was estimated on d 17 and d 21 of lactation by the weigh-suckleweigh method (Lewis et al., 1978; Speer and Cox, 1984; Salmon-Legagneur, 1986) . Pigs were allowed to suckle until one backed away from its teat. Urinations and defecations were observed and weights were adjusted by adding 1 g and .5 g, respectively, to the weight at that post-suckling period. In calculating milk yield estimates per sow, weights that varied from the mean more than * 2 times the SD were removed from the data set. Based on hourly averages for a 9-h test period, 24-h milk yields were estimated (hourly average x 24). In addition, on d 18 and d 22, sows were injected (i.m.) with 40 units of oxytocin and milk was expressed manually from all functional mammary glands to obtain a representative milk sample that was stored at -20°C until assayed. On d 28, pigs were weaned and sows were returned to gestation lots and fed 1.82 kg.sow-'.d-* of the gestation diet. Sows were checked for estrus once daily in the presence of a boar.
Catheterization, Blood Collection Protocol and Glucose Tolerance Test. During m a l s using the first three groups, a total of 13 sows and 9 gilts were anesthetized and fitted surgically with indwelling jugular catheters prior to farrowing. Anesthesia was induced with thiamylal sodium and maintained with halothane. Catheters were flushed daily and after each sample collection with heparinized saline (100 U heparin/ml). On d 7, 11, 15, 19, 23 and 27 of lactation, blood samples were collected from the jugular catheters prior to the first daily feeding (approximately 0630) and at hourly intervals for 6 h postfeeding. Any orts present 8 to 9 h prior to blood collection were removed and added to the next day's feeding. This was to assure that preprandial samples were collected with a minimum time interval of 8.5 h from last intake of feed without interfering with total weekly feed intake.
On d 12 and d 25 of lactation, orts were removed from the sows fitted with jugular catheters at 1200 to allow a fasting period. On d 13 and d 26 of lactation, a sterile, 66.6% glucose solution (1 g glucose/l.5 ml water) was infused rapidly at a dose of 1 g glucose/kg BW, and the catheter subsequently was flushed with 20 ml of saline. Blood samples were collected at 0, 2, 4, 6, 8, 10, 20, 30. 40 . 60 and 120 min postinfusion. Blood was transferred into tubes containing 120 U heparin and placed on ice. Within 4 h, blood samples were centrifuged at 550 x g for 10 min and plasma was harvested and stored at -20°C until it was assayed.
Assay Procedures for Plasma and Milk
Samples. Concentrations of fructose in plasma 
JL.
Co and 2% Ca.
vitamin B; 5,500,000 IU vitamin A; 880,000 ICU vitamin D and 22.000 IU vitamin E per kg of premix.
were determined as described by Roe (1934) .
The assay for GH in plasma was performed as described by Marple and Aberle (1972) and validated for assay of samples in this study by Ramsay et al. (1987) . The sensitivity of the GH assay was .2 ng and the intra-assay coefficient of variation was 14%. Concentrations of glucose in plasma were determined using a glucose analyzer7 and glucose reagent and standardss. Concentrations of NEFA and insulin in plasma were determined utilizing a NEFA-C kit9 and an insulin RIA kitlo. Concentrations of fat, lactose and protein in milk, respectively, were quantitated by 1) a modified Babcock test (Atherton and Newlander, 1977) , 2) the procedure of Marier and Boulet (1959) performance data, models consisted of treatment, parity (multiparous vs primiparous) and farrowing group with litter size at birth as a covariate. Treatment, parity and farrowing effects were tested against sow (treatment x parity x farrowing) variance; remaining terms were tested against the residual variance. Least squares means and associated SE were generated from the appropriate models. For analysis of plasma constituents and milk production, day and its interactions were added to the performance model (with the exception of GH analyses, in which samples represented only 1 d). After nonsignificant interactions were removed, sampling hour was inserted into the model and a new GLM analysis was generated. When treatment x day interactions were significant, additional analyses were performed within each day. Heterogeneity of regression over time also was determined. The following criterion was used to test for heterogeneity of regression for plasma constituents: when a significant amount of variation was removed by fitting individual regression lines versus the variation when regression lines for both treatments were combined, curves were considered to be different. Percentage of sows returning to estrus within each farrowing group Coffey et al. (1987) and tested for cannulation site after weaning were not in-treatment effects. cluded in the analyses. After plotting concenfrations of glucose on a logarithmic scale,
Results
glucose clearance rates were calculated from the postinfusion highest (glul) to lowest (glu2)
Litter Performance. Litter size at birth was similar (P > .05) between treatment and parity k f f e c t of covariak. litter weight at birth, was detected.
+P < .IO. *P < .os.
groups; however, a parity x treatment interaction approached significance (P = .06) during wk 2 (Table 2) . Primiparous sows fed HFCS had more (P < .05 for wk 1 and 2; P < .10 for wk 3 and 4) pigs compared with primiparous sows fed dextrose, whereas litter size of multiparous sows was not different between treatments. Litter size at birth was utilized as a covariate in analyses of subsequent performance traits.
With pig weight at birth included in analyses as a covariate, no treatment effects (P > .05) were detected for pig weight (Table 3) . Multiparous sows weaned (28 d) heavier (P < .05) pigs than primiparous sows. When data were analyzed for differences over time (wk 0 to 4). pig weight increased linearly (P < .05); however, a period x treatment effect was not detected (P > .05).
With litter weight at birth included as a covariate. effects of treatment were not detected (P > .05; Table 4 ). However, when data were analyzed for differences over time, both treatment ( P < .05) and period x treatment (P < .05) affected litter weight for primiparous sows. In addition, a linear effect of period x treatment ( P < .OS) was detected when data from both primiparous and multiparous sows were combined. This likely was due to less mortality of pigs in litters of primiparous sows fed HFCS.
Sow Performunce. Sow weight changes (Table 5) were similar between treatments (P > .05). However, primiparous sows lost weight, whereas multiparous sows gained weight during the first 2 wk of lactation and primiparous sows lost more (P e .05) total weight during the entire lactation than multiparous sows did. Feed consumption was not altered by dietary treatment (P > .go); however, it tended to decrease over time (P = .IS) for primiparous sows because they lost weight and were fed aDiffercnce betwecn postfarrowing and weekly weights.
bEffect of pariiy (P < OS). Concentrations of fructose in plasma were not altered by parity (P > .l) or farrowing group (P > .l), but effects of day, hour of sampling and their interactions with treatment were detected (P < .01). Prior to daily feeding, fructose was low or undetectable (.8 f .2 mg/l00 ml) in plasma of sows fed HFCS and was undetectable in all sows fed dextrose (Table 7) . Average postprandial concentrations of fructose (mgI100 (Table 7) . Postprandial concentrations of fructose in plasma tended to increase as lactation advanced in sows fed HFCS, whereas preprandial values were not altered by day (treatment x day x sampling hour; P<.Ol). Concentrations (mg/100 ml of fructose in plasma (Figure 1 ) peaked between 1 (21.1 f 1.5) and 2 h (24.8 f 1.9) or between 2 and 3 h (20.6 f1.6) after ingestion of HFCS and declined gradually during the remaining sampling periods (16.6 k 1.4, 12.8 f 1.2 and 9.1 ? .9 at 3, 4. 5 and 6 h postprandial, respectively). Heterogeneity of regression was detected ( P < .01) for the regression curves of concentrations of fructose over time by treatment ( Figure 1 , Table 8 ). Similar (P > .05) preprandial concentrations of glucose (mg/100 ml) in plasma (64.5 f .18 and 63.5 i 1.8 for dextrose and HFCS groups, respectively) were followed by greater ( P < .OS) postprandial concentrations of glucose in plasma of sows fed dextrose (101.7 f 3.0) than in that of sows fed HFCS (90.4 i 1.6) (treatment x sampling hour; P < .003; Table   7 ). Peak concentrations of glucose in plasma occurred at 1 h postprandial for sows in both treatment groups but were greater ( P < .05) for sows fed dextrose (120.9 f 10.2) than for sows fed HFCS (95.0 f 3.6) (Figure 2 ). Concentrations of glucose in plasma at 6 h postprandial were not different (P > .OS) for sows fed dextrose (87.2 k 1.8) versus HFCS (89.8 f 2.1). Heterogeneity of regression for concentrations of glucose over time was detected ( P < .005; Figure 2 ; Table 8 ) due to the postprandial decline in concentrations of glucose in plasma for sows fed dextrose compared with essentially constant concentrations of glucose in plasma of sows fed HFCS.
Concentrations of insulin in plasma increased (sampling hour; P = .001) following consumption of both diets (Figure 3 ), but changes in insulin concentrations between treatments over time were not detected (P > 'F4.697 = 1.14; P > .lo.
dF4.714= 1.5;P>.10.
.lo; Figure 3 ; Table 8 ). Although concentrations of insulin at 6 h postprandial were not affected by diet (P > .OS), values for sows fed dextrose steadily declined from peak values at 1 h, whereas sows fed HFCS had insulin concentrations that plateaued approximately 4 h after feeding (Figure 3 ). Preprandial concentrations of insulin (pU/loO ml) in plasma, over all the days sampled, were greater ( P = .05) for sows fed dextrose (12.0 f 1.6) than for sows fed HFCS (8.0 f 3, but postprandial concentrations (39.9 k 2.6 and 47.2 +_ 4.4 for HFCS and dextrose groups, respectively) were not affected (P = .12) by diet (Table 7) . A day x treatment interaction was detected due to inconsistent treatment differences on individual days.
Concennations of NEFA in plasma were not affected (P > .05) by parity, treatment, day or their interactions. Pre-and postprandial concentrations of NEFA (pEq/liter) in plasma of sows fed dextrose were 294.3 f 42.0 and 67.4 f 7.1 compared m 251.9 f 33.1 and 77.9 f 4.9 for sows fed HFCS (Table 7) . Concentrations of NEFA in plasma declined by 1 h postprandial and remained low throughout the entire 6-h postprandial period (P < .01). Heterogeneity of regression was not detected (P > .lo) for concentrations of NEFA in plasma over time ( Table 7) . There was no treatment x day interaction, but concentrations of NEFA in plasma tended (P < .lo) to be greater postprandially in primiparous than in multiparous sows.
Concentrations of GH in plasma from 14 sows sampled on d 27 of lactation were not affected by treatment, parity or their interaction (P > .05). Average pre-and postprandial concentrations of GH were 1.8 k .7 and 1.9 k .7 ng/ml, respectively. Although time of sampling affected (P < .01) GH, there was no consistent pattern of change for concentrations of GH in plasma during the postprandial period. Postprandial concentrations of GH (ng/ ml) in plasma of primiparous sows (2.8 f .8) tended to be greater (P = .09) than those in plasma of multiparous sows (1.0 k .6).
Concentrations of glucose and insulin in plasma prior to and in response to the glucose challenge and glucose clearance rates were not affected by treatment ( P > .6). Clearance rates (%/min) were 3.0 f .5 and 2.7 +_ .5 for sows fed dextrose and HFCS. respectively, on d 13 of lactation. Clearance rates were 3.1 k .5 for sows fed dextrose and 3.0 f .5 for sows fed HFCS on d 25 of lactation. Concentrations of glucose (P < .1) and insulin (P < .05) were less on d 25 than on d 13 of lactation during the glucose challenge sampling period. On d 13 and 25, respectively, average concentrations (mg/l00 ml) of glucose were 279.2 f 17 vs 254.6 f 15.3 and concentrations (pU/IOO ml) of insulin were 41.1 f 3.9 vs 26.9 f 2.4. In addition, heterogeneity of regression was detected (P< .05) been d 13 and 25 of lactation for concentrations of insulin after infusion of glucose. Heterogeneity of regression was not evident (P > .05) between treatment groups for concentrations of insulin or glucose or among days for concentrations of glucose in plasma after the glucose challenge. Likewise, time to maximum concentrations of both glucose (2 min) and insulin (20 min) and concentrations of peak values were not affected (P > .05) by treatment.
Discussion
In this study, litters from primiparous sows fed fructose had lower mortality rates, particularly between birth and 1 wk of age, than sows of other parity and treatment groups. Because primiparous sows fed HFCS had greater litter size but pig weights that were similar to those of other groups, HFCS may have had a beneficial effect on pig weight because individual pig weights usually are lower in larger litters (Jenness, 1986) . The significant interaction of period and treatment on litter weight over time suggested that HFCS had a beneficial effect on weight gain of litters. However, weaning weight of individual pigs and litters were not different between treatment groups. These results do not support those reported by White et al. (1984a) .
Weight loss of sows during lactation was not affected by treatment in this study, which is in contrast to previous reports by White et al. (1984a,b) . White et al. (1984a) suggested that greater weight loss for sows fed HFCS was due to lower mean concentrations of insulin in plasma that resulted in loss of body tissues in the presence of elevated glucose, as occurs with diabetes mellitus. In our experiment, preprandial concentrations of insulin were less for sows fed HFCS. but effects on insulin were less dramatic than those reported by White et al. (1984a,b) . Also, in contrast to results of White et al. (1984a.b) , concenaations of glucose in plasma were greater for sows fed dextrose than for sows fed HFCS.
This difference in metabolic status may account for the differing results of the present study and those reported by White et al. (1984a,b) . In the present study, concentrations of GH and NEFA did not indicate that metabolism was altered by treatment. Although altered energy metabolism during lactation may predispose sows to postweaning anestrus (Armstrong et al., 1986; Armstrong and Britt, 1987) , no effects of dietary treatment on postweaning interval to estrus were detected in this study.
In contrast to reports of White et al. (1984a,b) , but in agreement with Coffey et al. (1 987) White et al. (1984a) for control sows. These conflicting results likely are due to dissimilar effects on concentrations of glucose and insulin in plasma. There was no evidence for a "glucose-sparing" effect of fructose on glucose in the present study; concentrations of glucose were less for sows fed HFCS. In contrast to results from the present study, White et al. (1984a) and Coffey et al. (1987) detected no differences in percentage of fat in milk from sows fed differing dietary treatments.
Concentrations of fructose in plasma peaked between 1 and 3 h postprandial and then declined gradually as reported by White et al. (1984b) . Higher concentrations of fructose in plasma postprandially in sows fed the HFCS diet support the opinion that fructose is absorbed without significant intestinal metabolism, as reported by Bjorkman et al. (1984) . Results of this study and those of White et al. (1984b) suggest that absorption of fructose continued after the 6-h postprandial sampling period. In contrast to results of White et al. (1984a.b) but in agreement with those of Kveragas and Seerley (1 985) , concentrations of fructose in plasma of sows not fed fructose were less than 1 mg/100 ml or were undetectable. Differences in concentrations of fructose in plasma between our study and that of White et ai. (1984a,b) may be due to assay variation, differences in dietary composition or differences in metabolic status of sows entering lactation. Concentrations of fructose in plasma of sows fed HFCS were low preprandially in this study. White et al. (1984b) suggested that fructose in preprandial plasma samples indicated that fructose was not completely cleared from the circulation during the 24-h interval between feedings. An alternative explanation to account for low preprandial concentrations of fructose is that enough orts were present or that feed was transferred by pigs to adjacent pens.
In agreement with White et al. (1984b) . concentrations of glucose in plasma of sows fed HFCS plateaued postprandially, but concentrations of glucose in plasma of sows fed dextrose declined steadily. This could be due to conversion of fructose to glucose. In the present study, concentrations of glucose in plasma of sows fed HFCS were not elevated. Therefore, in contrast to the suggestion of White et al. (1984b) , it is not likely that lower concentrations of insulin allowed glucose to remain elevated longer. Although White et al., (1984b) reported greater mean concentrations of glucose pre-and postprandially in plasma of sows fed HFCS, Kveragas and Seerley (1985) and Coffey et al. (1987) reported no differences in concentrations of glucose in plasma of sows fed fructose versus high fat or control diets.
Postprandial concentrations of insulin were not different between sows fed dextrose and HFCS, contrary to reports by White et al. (1984a,b) , but preprandial concentrations of insulin were lower for sows fed HFCS, as reported by White et al. (1984a,b) . Maximum concentrations of insulin at 1 and 6 h and time to peak values (1 h postprandial) were not different between treatments. These results seem contradictory because concentrations of glucose in plasma were less at 1 h postprandial in sows fed HFCS. Greater insu1in:glucose ratios in sows fed HFCS may result from conversion of fructose to D-glyceraldehyde, a more potent stimulator of insulin secretion than glucose (Jain et al., 1975) . Fructose also may potentiate glucose-induced insulin release (Curry et al., 1972) ; however, the precise effect of dietary fructose on insulin secretion cannot be determined from results obtained in the present study.
The tendency for greater postprandial concentrations of NEFA in plasma of sows fed HFCS may have increased the percentage of fat in their milk. In addition, concentrations of NEFA were higher in plasma of primiparous sows, which also had greater losses in BW during lactation. The lack of effect of HFCS on concentrations of GH in plasma of sows on d 27 of lactation in this study supports previous findings that dietary fructose does not affect concentrations of GH (Hallfrisch. 1987) .
Differences in glucose tolerance could not be atmbuted to dietary fructose, which agrees with results of Coffey et al. (1987) and Drewery et al. (1984) . Fructose has been reported to decrease glucose tolerance in some cases but not in others (Reiser, 1987) . A complicating factor in interpretation of our glucose challenge data is that no or little fructose was present in plasma during the glucose challenge. Fructose may directly potentiate glucose-i nduced insulin release (Curry et al., 1972) . However, low concentrations of fructose within 24 h after feeding and experimental procedures utilized in this study and previous studies may have been inadequate to detect effects of fructose on glucose tolerance for sows fed HFCS. In the present study, insulin secretion in response to glucose challenge decreased slightly as lactation advanced. Glucose clearance rates depend on metabolic status of animals and change during gestation (George et al., 1978) ; this may also apply to lactating animals.
Implications
Although litter size was greater for primiparous sows fed fructose, litter weight and individual pig weight at weaning (d 28) and milk yield were not affected by treatment. Consumption of fructose did not have a glucose-sparing effect. Rather, concentrations of glucose were greater in plasma of sows fed dextrose. Sows had similar losses of body weight during lactation and postweaning intervals to estrus after. Although dietary fructose provides adequate energy during lactation, it affords little advantage to pigs. Therefore, utilization of HFCS as an energy source in corn-soybean meal diets for lactating sows may be justified only if it reduces the cost of dietary energy.
